Lipophilic inhibitors of acetylcholinesterase are widely used for insect control. They include organophosphorus compounds, which phosphorylate the esteratic site of the enzyme in a relatively irreversible manner (O'Brien, 1960) , and the carbamates, which may form a reversible complex with the enzyme or a compound as a result of carbamoylation (O'Brien & Matthysse, 1961) . The estimation of cholinesterase inhibition by these compounds in vivo is fundamental to studies of their mode of action (Casida, 1963; Fukuto, 1961) . Its measurement in human blood as an index of accidental or occupational exposure is also of considerable importance (Aldridge & Davies, 1952; World Health Organization, 1962; Witter, 1963) . The determination of cholinesterase activity usually involves manifold dilution of the tissue sample in buffer followed by the addition of acetylcholine or equivalent substrate to give a suitable initial concentration of about 0901m (Augustinsson, 1957) . Organophosphorus compounds are usually classified as 'irreversible' inhibitors as a result of phosphorylation of the enzyme itself and there is little or no reversal of inhibition on dialysis against inhibitor-free solution. Carbaaates such as eserine are usually classified as 'reversible' (Hearon, Bernhard, Friess, Botts & Morales, 1959) . Measurement of cholinesterase inhibition by the former would not be expected to be affected by sample dilution or substrate addition. Dilution of the 'reversibly' inhibited enzyme and addition of substrate might, however, considerably reduce the inhibition it was sought to determine. Thus Aldridge (1950) demonstrated significant reversibility on dilution of erythrocyte cholinesterase inhibited with eserine but not of cholinesterase inhibited by DFP.* These situations have a wellknown kinetic basis (e.g. Hearon et al. 1959 ). Wilson and his colleagues (Wilson, Hatch & Ginsburg, 1960; Wilson, Harrison & Ginsburg, 1961) have demonstrated the carbamoylation of acetylcholinesterase prepared from the electric eel by certain N-methyl-and NN-dimethyl-carbamic esters so that carbamate inhibition might resemble that by organophosphorus compounds. On the other hand, Casida, Augustinsson & Jonsson (1960) concluded that 'if the carbamates do indeed form a carbamoyl-* Abbreviations : DFP, di-isopropyl phosphorofluoridate; IPMC, o-isopropoxyphenyl-N-methyl carbamate. ated derivative of cholinesterase analogous to the phosphorylation by phosphate esters, then this reaction must occur very slowly compared with the rate of formation of the carbamate-cholinesterase complex, and it would appear to be of secondary importance in the inhibition process with most carbamates.' The development of a simple radiometric method (Winteringham & Disney, 1962) has facilitated a quantitative study of acetylcholinesterase and its inhibition over a wide range of substrate concentrations. It is the object of this paper to describe t1ie method and its use for. studying the inhibition of mamrnmalian blood and insect cholinesterase preparations by two anticholinesterase compounds: DFP and IMPC respec. tively representing the two types of inhibitor. In one experiment the 'irreversible' compound paraoxon (diethyl p-nitrophenyl phosphate) was used. A preliminary communication on this subject has been made (Winteringham & Disney, 1963a with 3 m-moles of fresh anhydride enabled a second preparation of labelled ester (1 m-mole) to be made at a reduced specific radioactivity.
Blood buffer oolution. This was a modification of the redcell buffer described by Michel (1949) : sodium barbital (2-062 g.), KH9PO4 (0-272 g.), KCI (22-37 g.), NaCl (9-0 g.), saponin (0-5 g.) and water to 1 1. The pH was finally adjusted to 8-00 by the addition of HCI.
Insect buffer solution. This was prepared as described by Metcalf & March (1950) : NaCl (8-76 g.), MgCJ, (3-81 g.), NaHCO2 (2-10 g.) and water to 1 1. The pH was found to be 7-80.
Reference buffer 8olutions. As above but each solution contained in addition 0-1 mmr-eserine sulphate.
Acid inhibitor 8olution. Composition: A.R. acetone (17-5 ml.), Teepol wetting agent (0-25 ml.), eserine sulphate (0-032 g.), gentian violet (0-25 g.), conc. HC1 (11-0 ml.) and water to 100 ml. Admixture of this solution with four times its volume of enzyme preparation terminates all cholinesterase activity and suppresses ionization of enzymically liberated acetic acid without significantly hydrolysing unchanged substrate during subsequent drying. The dye facilitates visualization of the geometrical uniformity of samples dried on microscope slides for end-window fl-counting (see below). Acetone and wetting agent ensure rapid penetration, mixing and even spreading on microscope slides.
Whole-blood enzyme preparation. Exactly 20p4. of fiesh whole blood was drawn in a heparinized pipette from a cleaned finger tip (F.P.W.W.) and diluted to 2-0 ml. with blood buffer or reference buffer. Other dilutions as indicated in the Tables were occasionally used. One hour at room temperature was always allowed for haemolysis.
Insect enzyme preparation. Heads (10) were cut from liquid nitrogen-chilled adult female 3-to 6-day-old houseflies (Musca domestica) and homogenized in 1-2 ml. of icecold insect or reference buffer in a Potter-Elvehjem homogenizer. The total suspension was diluted to 10 ml. with buffer.
Inhibited enzyme preparation8. Inhibitors (DFP or IPMC) were added to the enzyme preparations, in acetone solution from an Agla micrometer syringe, to give the initial concentrations indicated in the Tables. The volume ofacetone used never exceeded 0.1 % ofthe buffered enzyme preparation. Inhibited enzyme preparations were preincubated for the times indicated in the Tables before addition of substrate. Buffer and acid inhibitor solutions were stored in the dark at 00. Enzyme and inhibitor solutions were freshly prepared or stored at -15°until required.
Procedure.
[14C]Acetylcholine solution (5-501ud.) which had been adjusted to the required concentration by dilution or by the addition of non-radioactive acetylcholine chloride was accurately deposited from an,Agla micrometer syringe in the well of a 15 mm. cavity-type 3 in. x 1 in. microscope slide and allowed to dry. The concentration of solution used was such that on the subsequent addition of 20,iu. of enzyme preparation the correct initial substrate concentration was obtained. The 14C content was such that initial net counting rates (see below) lay within the range 50- 10000 counts/min. Total counts of not less than 1000 were recorded. Exactly 20 ,Ad. of enzyme preparation was added to the slide, immediately mixed with a fine glass rod and incubated for the required time (5 sec.-2 hr.) in a moist atmosphere at 250 (e.g. in a Petri dishcontaining a moistened filter circle). Enzymic action was terminated at the required instant by touching off a 5 1A. drop of acid inhibitor solution from an Agla micrometer syringe, mixing and drying in a draught of warm air. Reference slides were also incubated for appropriate times with enzymes prepared with reference buffer so that allowance could be made for non-enzymic hydrolysis of the substrate, which was usually negligible. In some time-course experiments enzymesubstrate mixtures were prepared on a 0-2 ml. scale in small stoppered tubes and incubated in a water bath at 250. Samples (20,u.) were transferred to clean slides at suitable time-intervals, and acid inhibitor immediately admixed etc. Dried slides were finally counted for 14C activity under a thin-end-window Geiger-Muller tube, geometry being carefully standardized. Alternatively, greater sensitivity and accuracy were obtained by bringing the samples into dioxan-phosphor solution for scintillation counting. For this method of counting the gentian violet was omitted from the acid inhibitor solution (see above). This was of advantage when initial substrate concentrations were less than 0.1 mm. Initial enzymic hydrolysis rates were determined graphically from the time-course curves at the higher substrate concentrations. These were effectively linear, whether inhibitor was present or not, since the reaction could be terminated before a significantly large fall in substrate concentration had occurred. At low substrate concentrations, when it was necessary to allow a large fraction (about one-half) of the substrate to be hydrolysed, initial rates were calculated by means of the integrated Michaelis-Menten equation (see Winteringham & Disney, 1963 b) . That this equation (see below) was effectively followed exactly, whether inhibitor was present or not, was demonstrated by the fact that straight lines were obtained when log final substrate concentration was plotted against time allowed for enzymic hydrolysis. In a series of assays by the stoppered-tube technique of insecthead cholinesterase activity at an initial substrate concentration of 15 mm the coefficient of variation of single assays about the mean was i 1-6 % with an end-window ficounter. A similar series conducted entirely in 15 mm. cavity slides gave a coefficient of variation of single assays about the mean of +4-7%.
RESULTS
All the results represent the means of at least two replicate assays of the same preparation or represent initial enzymic reaction rates estimated from the time-curves or calculated as described above.
Effects of 8ubstrate concentration in the absence of inhibitor. These are shown by the results collected in Figs. 2 and 3, concentration being given as the negative logarithm of the molarity (pS). Much greater variation at a given substrate concentration was observed from one preparation to another than between replicate assays made with one preparation (see above) and this undoubtedly accounts for the scatter shown by the results of Figs. 2 and 3, which were collected over a period of weeks. However, the results are clearly typical of cholinesterase inhibited by high concentrations of its own substrate, as observed earlier for the insect enzyme by Metcalf & March (1950) and for cow erythrocyte cholinesterase by Augustinsson (1948) . Cholinesterase activity of whole blood preparations is due to the presence of at least two enzymes (erythrocyte and plasma). The excess of substrate inhibition effect implied by the bell-shaped nature of the curve in Fig. 3 and the fact that at low substrate concentrations erythrocyte cholinesterase is more active than that of plasma (Augustinsson, 1948) indicate, however, that activities measured in the present experiments were largely due to the erythrocyte enzyme. vitro. Housefly-head enzyme preparations were incubated for various times in the presence of the initial concentrations of IPMC or DFP shown in Table 5 , and the mixtures incubated for 1 hr. at room temperature. Portions were diluted a further ten times and acetylcholinesterase activity was assayed in all the samples at once or after the times indicated in (1)
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Equation (1) represents the formation of enzymesubstrate complex, this complex alone being capable of the further 'irreversible' hydrolytic reaction resulting in the regeneration of free enzyme and substrate reaction products P. Equation (2) represents the further reversible reaction between complex ES and free substrate with the formation of ES2, which is not capable of yielding P as in (1). Equation (3) represents the reversible formation of enzyme-inhibitor complex.
The corresponding dissociation constants are Ki,, K8 and Ki respectively. These reactions are assumed to be competitive so that:
It can be shown (e.g. see Cohen & Oosterbaan, 1963) that the overall rate of product formation v' at substrate and inhibitor concentrations x and i respectively is given by the equation:
where V is the maximal theoretical rate in the presence of excess of substrate but in the absence of inhibition by the substrate. In the absence of inhibitor (i = 0 and v' = v), equation (4) assumes the form deduced by Haldane (1930) and the relative rate of inhibited reaction (v'/v) is given by the equation:
The inhibition data of Tables 1-5 are presented in this form. In the presence of a non-competitive and 'irreversible' type inhibitor:
where [EI] is now the concentration of inhibitorcombined enzyme at the time of measurement and will be independent of the substrate concentration x. Provided that the rates of reaction between enzyme and inhibitor are slow compared with those between enzyme and substrate v'/v will also be unaffected by changes in inhibitor concentration i during the measurement. Evaluation of parameters. By equating dv/dx from equation (4) with zero (i = 0) it can be seen that v is maximal when:
When x is small in relation to Km and to K8 and no inhibitor is present, equation (4) reduces to the well known Michaelis-Menten equation, which in its integrated form may be written:
hn (xolxt) = Vt/Km (7) where x0 is the initial substrate concentration and xt that remaining after time t. When x is relatively large in the absence of inhibitor, equation (4) assumes the form:
In the present experiments the values of x (XOptmum), for which v was maximal were obtained by inspection of the curves of Figs. 2 and 3, which are theoretically symmetrical. This enabled the product KinKs to be evaluated from equation (6). At low substrate concentrations (e.g. 0-1 mM) equation (7) was followed exactly by both enzyme preparations and V/Km was evaluated as the slope of the straight lines obtained by plotting ln(x0/xt) against t according to equation (7). This in turn enabled initial rates to be estimated since the initial rate v = xoV/Km when t = 0. When x was relatively large (e.g. 10 mM), v was the slope of the effectively linear substrate-time curve during the early stages of an experiment. Equations (6)- (8) could therefore be solved for Ki, m K8 and V as shown in Table 6 . The values represent 'effective' constants only, since the enzymic activities measured were due to two enzymes at least in whole blood preparations (plasma and erythrocytes) and possibly to more than one enzyme in the insect preparation. The v-pS curves calculated by substituting the values of Table 6 when i = 0 in equation (4) predicted they were indeed similar. These effects were not observed for DFP. Therefore the results confirm that DFP and IPMC behave as irreversible non-competitive and reversible competitive inhibitors of acetylcholinesterase respectively. Alternatively, identical dilution and substrate effects on IPMC inhibition could obtain under conditions of irreversible carbamoylation provided that the concentrations of enzyme were very low in relation to that of inhibitor and conditions of dynamic equilibrium were sufficiently rapidly attained so that the inhibitor behaves as a competitive substrate. Equation (3) is now replaced by equation (9) shown that v'lv is again defined by equation (5) except Ki is replaced by K2/K1. The lesser effects of increasing substrate concentration and the slower effects of dilution than those calculated for instantaneously reversible inhibition by IPMC are consistent with this alternative hypothesis. Moreover, the delayed effects of dilution on the observed inhibition by IPMC (Table 5) are of the order to be expected if reversal occurred with half-times similar to those estimated by Wilson et al. (1961) for other N-methyl carbamates. This half-time is the time required for the fraction of total enzyme inhibited ( 1-v'/v) to become halved on infinite dilution and can be shown to be equal to (in2)/K2 - Kolbezen, Metcalf & Fukuto (1954) have commented on the apparently low cholinesterase inhibition estimated to have obtained in vivo in adult houseflies poisoned with carbamates. The LD50 for 24 hr. exposure of adult houseflies to IPMC was reported by Fukuto, Metcalf, Winton & Roberts (1962) to be 7,ug./g. of live insect when the complicating factors of enzymic detoxication were suppressed by the presence of the synergist piperonyl butoxide. The concentration found to inhibit 50 % of housefly-head cholinesterase in vitro (as measured by 30 min. incubation with 001 M initial substrate concentration) was reported as 0 7,M. The present work indicates that the same inhibition would obtain over a 24 hr. exposure period, which was the exposure time for the toxicity tests in vivo. The results of Fukuto & Metcalf (1956) show that diethyl o-nitrophenyl phosphate (o-isomer of paraoxon) has the same 24 hr. contact toxicity to adult houseflies as IPMC and that a concentration of 0 05/tM inhibited 50 % of housefly cholinesterase in vitro 45 min. after addition of the inhibitor. The 33 bimolecular rate constant for the likely irreversible reaction between this inhibitor and enzyme may be readily calculated (Aldridge, 1950) and is found to be 3-1 x 105 1. mole-1 min.-' On this basis it is calculated that 50 % inhibition of cholinesterase would be obtained in 24 hr. at 0 0016 pM-inhibitor.
The results of van Asperen & Oppenoorth (1960) suggest that of a total dose of 7,g. of paraoxon analogues/g. of susceptible insect not more than 2 ,ug. would be removed by total esterase inhibition and detoxication in 24 hr. Thus in the absence of detoxication the carbamate appears to be as toxic to the insect as the organophosphate but is only about 1/500 (0x0016/0x7) as potent an anticholinesterase in vitro over the relevant 24 hr. period. On the basis of the constants in Table 6 it is calculated that the ratio of the concentration of IPMC required to inhibit 50 % of the housefly-head cholinesterase at 10 mm substrate (the concentration usually employed) to that required at infinitely low substrate concentrations is about 100, and would largely account for the anomalous difference in potency as an inhibitor observed above.
The present results show how cholinesterase inhibition by insecticidal carbamates may have been seriously underestimated by the conventional assay techniques. This is of significance in studies of the correlation between enzyme inhibition and toxicity of carbamates and in the measurement of blood cholinesterase depression as an index of exposure to carbamates. SUMMARY 1. A simple radiometric method has been developed for the micro-estimation of acetylcholinesterase activity over a wide range of substrate concentrations (100-0-01 mM).
2. The method has been used for studying the properties and inhibition of cholinesterase in adult housefly head and mammalian blood preparations.
3. The enzymic activity-substrate concentration relationships of both preparations were in good agreement with those predicted on the basis of Michaelis- 6. There is evidence that cholinesterase inhibition by insecticidal carbamates may have been significantly underestimated in earlier studies.
